Uracil DNA glycosylases are DNA repair enzymes present in virtualy every organism. These enzymes function by excising from DNA uracil residues resulting from either misincorporation of dUMP residues by a DNA polymerase or deamination of cytosine. Recently, the enzyme has been exploited in PCRs as a means for controlling carryover contamination from previously amplified DNA. When the enzyme is used in amplifications of Borrelia buirgdorferi target sequences, we have observed an enhancement in signal detected by a microwell plate DNA hybridization assay. This increase in signal is dependent upon the length of the target, is titratable with enzyme concentration, and has been observed with amplifications performed with both symmetric and asymmetric PCR profiles. The enhancement is shown to occur at the level of the target genomic DNA.
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The PCR is a very sensitive method commonly used in the emerging field of nucleic acid-based diagnostics (6) . PCR has been utilized with great success for the detection of infectious agents and the identification of genetic mutations, as well as in the study and characterization of the human genome (5, 6, 9) . PCR is predicated upon the three steps involved in in vitro DNA replication: denaturation of a target sequence, annealing of synthetic primers, and extension with a DNA polymerase. The three steps that constitute a single cycle are repeated 30 to 50 times, allowing for exponential amplification of the target sequence.
Since its initial introduction in 1985, PCR technology has advanced significantly. Use of a thermally stable DNA polymerase has allowed for enhanced specificity of reactions, as well as automation of the process (11) . Evolution of a variety of detection formats has transformed PCR from a research tool to a general method suitable for DNA diagnostics (6) . Methods to help contain and control PCR carryover contamination from previously amplified DNA have been incorporated into diagnostic assays (10) .
The initial objective of the present study was to evaluate the ability of uracil N-glycosylase (UNG) to contain PCR carryover contamination in a PCR assay for Borrelia burgdorferi. The UNG approach requires substitution of dUTP in place of dTTP and performance of amplification subsequent to an UNG incubation period (7) . In the course of our investigation, we observed that in addition to its native restrictive activity, UNG can also enhance signal generation in PCR assays. We describe experiments that demonstrate the UNG enhancement property to be independent of the native-repair and restrictive functions of the enzyme.
MATERIALS AND METHODS
UNG restriction of B. burgdorferi PCR products. The amplified products of PCRs were partially purified and concentrated by precipitation with ethanol, followed by quantitation by UV absorption and a Hoechst dye-binding assay (3 described below (see Fig. 1 through 4) were designed to examine the mechanism for this enhancement.
PCR of B. burgdrfri targets. In a recent report (1) , an approach for minimizing the effect of mispriming and primer dimerization during PCR was described. This method, which uses wax pellets, was shown to greatly enhance the specificity of PCR by compartmentalizing the reaction components during PCR setup. An alternative approach to help promote PCR specificity would employ the UNG restriction process. In the presence of UNG, nonspecific priming events which may occur prior to the start of PCR cycling would be minimized by the activity of the enzyme. In order to determine whether the increase in signal seen with the genomic B. burgdorferi samples ( Table 1) was independent of the UNG restriction phenomena, we performed PCR amplifications with dTTP substituting for dUTP. Targets for the PCRs included two different B. burgdorfeii genomic DNAs (extracted from strains B31 and B297), a plasmid clone that encoded the B. burgdorferi PCR product (pSYBB), and the purified amplified fragment. Samples of 6 to 10 fg, which correspond to 3 to 5 input target molecules of each genomic DNA, were amplified in either the absence or the presence of 2 U of UNG. Both genomic DNA sources exhibited an approximate twofold increase in signal when the PCR was performed in the presence of UNG (Fig. 1) seven nymphs (N-li through N-17) incubated with UNG, irrespective of the amplification mode. Additional enhancement for five of seven ticks is observed with the asymmetric protocol, although only three show a dramatic effect. The increase in signal that results from incubation with UNG for both amplification approaches suggests that the UNG effect is most likely independent of the relative primer concentrations and is dependent upon the target sequence.
To understand the mechanism for the UNG activity, 10 additional, prescreened positive ticks (nymphs N-18 through N-27) were processed. Three independent sets of amplifications (all with dTTP master mix) were performed with each tick extract. One amplification was done in the absence of UNG, a second was performed with the standard UNG treatment, and a third was modified to include a pause at 50°C after completion of the first full PCR cycle (denaturation, annealing, and extension). During the pause period, UNG was added and the reaction mixtures were incubated for 2 min at 50°C. After the UNG incubation was complete, the normal amplification cycling profile was resumed. This experimental approach was useful for differentiating between the effects of UNG on genomic (input) DNA and newly synthesized PCR products. PCRs performed in the absence of UNG or by the standard UNG treatment were also subjected to the pause to preclude any effect elicited by the pause. As shown in Fig. 4 , an increase in signal was observed for the nymph extracts incubated in the presence of UNG from the beginning of the PCR (the standard UNG treatment). When UNG was added after the conclusion of the first PCR cycle (the modified UNG treatment), the enhancement was sharply reduced. The signals for the modified UNG reactions, however, are not identical to those for the reactions done with no UNG because two types of templates are available for UNG in the modified UNG reactions (the target DNA and the newly synthesized products from the first PCR cycle). The significant increase in UNG enhancement observed when UNG is present at the start of PCR rather than when it is added after only one complete cycle clearly shows that UNG enhances the effi- 4 . UNG effect is target template specific. Ten prescreened nymphs (N-18 through N-27) were subjected to three different amplification reactions. One amplification was performed without UNG, a second was performed in the presence of 2 U of UNG per PCR (With STD. UNG), and a third was performed with the addition of UNG after the conclusion of the first PCR cycle (denaturation, annealing, and extension) (With Mod. UNG).
ciency of amplifying input genomic DNA. These results, coupled with the results from the experiment described in Fig. 1 , suggest that UNG is target template specific. Amplification of the 368-bp B. burgdorferi PCR template was not enhanced in the presence of UNG; however, longer DNA templates, such as plasmid, genomic, and tick DNA, were enhanced by incubation in the presence of UNG.
DISCUSSION
The sensitivity advantage that PCR contributes to diagnostic applications can also potentially be a major disadvantage. Previously amplified DNA that is replication competent can be carried over and can serve as a template in later amplifications, resulting in false positives. Approaches utilizing either chemical or enzymatic methods to minimize PCR product carryover have been described previously (10) . The enzymatic method requires the substitution of dT'lP with dUTP and preincubation with UNG. The presence of dUMP in the amplified product makes the DNA fragment susceptible to cleavage by UNG (7) .
In this report, we present evidence of an additional activity associated with E. coli UNG that is independent of its restrictive property. By using a microwell plate assay, the sensitivity of B. burgdorfeii PCRs was found to be enhanced in the presence of UNG. The enhancement in the B. burgdorferi system was shown to be dependent upon the length of the template, titratable with respect to enzyme concentration, and independent of the primer concentration. We believe that UNG exerts its maximal enhancement on the input target template because the increase in signal is maximal when UNG is added at the beginning of a PCR assay. Addition of UNG after one complete cycle of PCR resulted in signals that were only slightly higher than those in control amplifications performed in the absence of UNG (Fig. 4) . Because the enhancement of amplification by UNG was shown to be dependent upon the nature (e.g., the length) of the input target template rather than upon the sequence (the PCR product, plasmid pSYBB, and genomic DNA all share a common sequence in the region amplified), we believe this phenomenon will be universal and not specific to the B. burgdorferi system. The enhanced efficiency of amplification which occurs during the first cycle of PCR when UNG is present leads to significant improvements in assay results. This is particularly advantageous for assay systems, such as infectious-disease diagnostic assays like the one described for detecting the agent responsible for Lyme disease, for which extremely low numbers of target organisms are likely to be found in the samples to be analyzed. Amplifications for which large numbers of input target molecules are likely to be encountered, such as those used for genetic testing, will derive little benefit from the enhanced amplification efficiency caused by UNG.
